Branchpoint nucleotides of intron lariats induce pausing of DNA synthesis by reverse transcriptases (RTs), but it is not known yet how they direct RT RNase H activity on branched RNA (bRNA). Here, we report the effects of the two arms of bRNA on branchpoint-directed RNA cleavage and mutation produced by Moloney murine leukemia virus (M-MLV) RT during DNA polymerization. We constructed a long-chained bRNA template by splinted-ligation. The bRNA oligonucleotide is chimeric and contains DNA to identify RNA cleavage products by probe hybridization. Unique sequences surrounding the branchpoint facilitate monitoring of bRNA purification by terminal-restriction fragment length polymorphism analysis. We evaluate the M-MLV RT-generated cleavage and mutational patterns. We find that cleavage of bRNA and misprocessing of the branched nucleotide proceed arm-specifically. Bypass of the branchpoint from the 2 -arm causes single-mismatch errors, whereas bypass from the 3 -arm leads to deletion mutations. The non-template arm is cleaved when reverse transcription is primed from the 3 -arm but not from the 2 -arm. This suggests that RTs flip ∼180
INTRODUCTION
Reverse transcriptase (RT) is the virus-encoded enzyme responsible for converting the single-stranded (ss) RNA genome of retroviruses and related retrotransposons into integration-competent double-stranded (ds) DNA. The enzyme possesses both an RNA-and DNA-dependent DNA polymerase and a ribonuclease H (RNase H) activity (1, 2) . RNase H hydrolyzes RNA in RNA/DNA hybrids via a two-magnesium-ion catalytic mechanism to generate 5 -phosphate and 3 -hydroxyl ends (3, 4) . The enzymatic activities of RT are localized in two separate protein domains. The DNA polymerase domain occupies the N-terminal region and the RNase H domain comprises the C-terminal region of the protein (5) . Crystal structures of RT complexed with ds nucleic acids have revealed that the distance in nucleotides between the polymerase and RNase H active sites is 17-18 base pairs (6, 7) . Further, the two active sites are arranged so that they are positioned on opposite strands of the nucleic acid (8) . In the polymerization-competent binding mode of RT, the DNA polymerase active site is positioned over the 3 -end of the primer strand to initiate DNA synthesis, while the RNase H active site is located over the template strand (9) . RT first uses the positive-sense viral genomic RNA as template to synthesize minus-strand DNA. DNA synthesis is primed from a transfer RNA (tRNA) molecule annealed adjacent to the 5 -end of genomic RNA. Synthesis continues through the 5 unique sequence (U5) and the 5 repeat (R) region until the 5 -end of the RNA template, generating the so-called minus-strand strong-stop DNA [(−)ssDNA]. After removal of the template RNA by RT's RNase H activity, the (−)ssDNA is transferred from the 5 -to the 3 -end of the same or the second viral RNA molecule (minus-strand transfer) using the complementarity between the 5 R region of the DNA strand and the 3 R region at the 3 -end of genomic RNA. After the (−)ssDNA hybridizes to the 3 -end R region, minus-strand DNA synthesis on the viral RNA genome resumes (1, 2) . During and following minus-strand DNA synthesis RNase H degrades the RNA template using the three known modes of cleavage: internal, DNA 3 -end-directed, and RNA 5 -enddirected (5, 10) . Specific purine-rich RNA fragments, designated polypurine tracts (PPTs), are left over and serve as primers to initiate the plus-strand DNA synthesis on the minus-strand DNA template (1, 2) . RT binds the RNA primer in the polymerase-competent orientation and positions thereby the RNase H active site over the DNA tem-plate (9) . Cleavage of the non-template RNA requires a reorientation of the replicating enzyme on the hybrid (11, 12) . The enzyme flips around 180
• , RNase H is positioned over non-template strand RNA and is active, while DNA polymerase is positioned over template strand DNA and is inactive (9, 11, 12) .
The coordination of DNA polymerase and RNase H activity of RT is still under debate. Modeling studies (13) , crystallographic (14) and biochemical data (15) suggested that either the DNA polymerase or the RNase H catalytic site can engage the RNA/DNA hybrid at a time. From these results, it was concluded that DNA polymerization and RNase H cleavage are mutually exclusive and occur sequentially (13) (14) (15) . Recently, it was demonstrated that RNase H can still be active when both catalytic sites engage the hybrid simultaneously (16, 17) . This result was obtained by trapping the DNA 3 -end in the polymerase active site. From this finding, it was proposed that both active sites can engage the hybrid at the same time (16, 17) and that both activities can work simultaneously (17) . Although, there is no general agreement on whether both activities of RT occur sequentially or simultaneously, it is widely accepted that RT's RNase H activity is inefficient during continuous DNA polymerization (15, 17) and efficient during pausing of DNA synthesis (18) (19) (20) (21) .
Secondary structures such as hairpins in the template cause pausing of DNA synthesis and RT RNase H carries out one to two pause-related cleavages in the RNA/DNA hybrid downstream from the pause site in the RNA template (18) (19) (20) (21) . Genomic template degradation at pause sites promotes template switching and increases the retroviral recombination rate during minus-strand DNA synthesis (22, 23) . Apart from secondary structures, RNA can also form branched structures containing a 2 ,5 -phosphodiester bond. Branched RNA (bRNA) molecules contain two RNA strands which branch out from a nucleotide (branchpoint nucleotide) into a 2 -arm and a 3 -arm via vicinal 2 ,5 -and 3 ,5 -phosphodiester bonds, respectively (24, 25) . When RTs bypass branchpoints, they misread simultaneously the branched nucleotide through the 2 ,5 -(26-28) and 3 ,5 -phosphodiester bond (29) . Branched lariat RNAs are naturally formed by the spliceosome (30, 31) and by group II introns (32) (33) (34) . Additional branched nucleic acid structures such as Y-like trans-splicing intermediates were found in eukaryotes (35) (36) (37) and multicopy single-stranded DNAs were discovered in prokaryotes (38, 39) . Furthermore, it has been proposed that the retrotransposon Ty1 genomic RNA has a 2 ,5 -branched lariat structure (40) . Cheng and Menees (40) suggested that joining of the 5 R region (representing the 2 -arm) to a branched nucleotide near the 3 R region (representing the 3 -arm) of the same RNA molecule might facilitate the intramolecular minus-strand transfer. Based on this intriguing model, it has been proposed that the 2 ,5 -branched form of genomic RNA is common among retroviruses and related retrotransposons (41, 42) . However, the 2 ,5 -branched lariat form of viral genomic RNA is controversially discussed (43) (44) (45) because direct evidence for this structure is lacking.
It is well established that branchpoint nucleotides in template RNA cause pausing of DNA synthesis by RTs (44, (46) (47) (48) (49) (50) . It is likely, therefore, that RT RNase H gen- In this method, a 2 -5 linked ribo-guanosine (G)-nucleoside in an RNA strand containing the 5 -segment and 2 -arm (precursor 1) is transformed into a branchpoint nucleotide by ligation to an RNA strand representing the 3 -arm (precursor 2). To do so, the two precursors are hybridized partially to a complementary RNA bridge. In this way, the 5 -phosphate of precursor 2 is brought close to the free 3 -hydroxyl of the 2 -5 linked nucleoside of precursor 1. The two oligonucleotides are then joined by T4 RNA Ligase 2. Red, blue, and pink symbols 'w' represent RNA; the black line represents DNA. The 2 -5 linked ribo-G-nucleoside in precursor 1 at nucleotide (nt) position 37 is highlighted. Nucleic acids downstream of a 2 -5 linkage are plotted vertically in linear and branched oligonucleotides.
erates pause-related cleavages in the RNA template while the enzyme pauses during synthesis at the branchpoint. However, the pause-related cleavage pattern induced by a branchpoint has not been described previously. Moreover, DNA synthesis of bRNA can be primed from two different template strands (template arms). The questions arise (i) whether the non-template arm is cleaved by RT RNase H when DNA synthesis occurs on the other arm and (ii) whether during RT pausing at the branchpoint, RT's RNase H generates different cleavage pattern when DNA synthesis is primed from the 2 -or 3 -arm. This might impact the minus-strand transfer from the 2 -to the 3 -arm in the lariat model proposed by Cheng and Menees (40) and affect replication of retroviruses and related retrotransposons. Furthermore, the question is raised (iii) whether RT's DNA polymerase misreads differently the branched nucleotide through the 2 ,5 -than through the 3 ,5 -phosphodiester bond. To address these questions, we synthesized a long-chained bRNA oligonucleotide by splinted-ligation ( Figure 1) (51, 52) . This bRNA construct allowed us to examine the RNA cleavage and mutational patterns generated by Moloney murine leukemia virus (M-MLV) RT during DNA synthesis from the 2 -and 3 -arm. For such assays, it is essential to prepare long-chained bRNA templates because appropriate cleavage and primer binding sites have to be provided. Currently, two methods are described for construction of bRNA molecules: the solid-phase and the deoxyribozyme-mediated synthesis. The solid-phase method permits a sequence-independent synthesis of bRNA (sequence can be freely chosen) (53) but synthesized bRNAs (53) (54) (55) are not suitable for cleavage and mutational analysis because of their size limitation. The deoxyribozyme-mediated technique permits synthesis of long-chained bRNA molecules but this method does not allow for a sequence-independent construction (56) (57) (58) . The ligase-mediated construction (52) of bRNA is thus currently the only sequence-independent method to prepare long-chained bRNA molecules because long solidphase synthesized oligonucleotides are used.
We found that pause-related cleavage and misprocessing of the branched nucleotide by M-MLV RT proceed armspecifically. Our sequence analysis of arm-specific complementary DNAs (cDNAs) revealed that the bypass of the branchpoint from the 3 -arm leads to significantly more deletion mutations than from the 2 -arm. Conversely, bypass from the 2 -arm causes significantly more single mismatch errors at the position of the branched nucleotide than from the 3 -arm. Our cleavage analysis showed that M-MLV RT RNase H cleaves the non-template 2 -arm when DNA synthesis occurs on the 3 -arm template. In contrast, RT RNase H does not cleave the non-template 3 -arm when DNA synthesis occurs on the 2 -arm template. Our finding suggests that when DNA synthesis is primed from the 3 -arm of our bRNA, M-MLV RT flips around 180
• at the branchpoint and RNase H cleaves in this binding mode the non-template RNA. Moreover, we found that the branchpoint in our bRNA induces multiple pause-related cleavages in both the 2 -and 3 -arm RNA templates. Our observations of the interplay between RT and the branched nucleotide led us to hypothesize that the proposed branchpoint in genomic RNA of Ty1 (40) , of retroviruses and related retrotransposons (41, 42) might have some functional importance to the virus life cycle. On one hand, the branched nucleotide in genomic RNA would promote template degradation to facilitate the minus-strand transfer. On the other hand, the branchpoint would reorient RT to delay template degradation after minus-strand transfer.
MATERIALS AND METHODS

General
The sequences of oligonucleotides used in this study are listed in Table 1 . The sequences and hybridization temperatures of DNA probes can be found in Supplementary Table  S1 . Ethanol precipitation of nucleic acids was carried out with Pellet Paint Co-Precipitant according to the manufacturer's protocol (Merck Millipore) and resuspended in Trisethylenediaminetetraacetic acid (Tris-EDTA, TE) buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0) unless stated otherwise. Negative controls were carried out simultaneously without adding the enzyme. Polymerase chain reaction (PCR) was done in a final volume of 50 l containing 1× Go Taq reaction buffer (Promega), 0.05 mM deoxynucleoside triphosphates (dNTPs) (Life Technologies), 25 pmol each of the forward and reverse primer (either 2-5 or 3-5), and 1.25 unit of GoTaq Polymerase (Promega). For reverse transcription (RT)-PCR with bRNA or precursor 1 as templates, 0.1 or 0.004 volume of the RT reactions, respectively, were subjected to PCR unless indicated otherwise. The PCR consisted of an initial denaturation step at 94
• C for 2 min, followed by 35 cycles of 94
• C for 30 s, 62.5
• C for 30 s and 72
• C for 30 s, and a final extension step at 72
• C for 5 min. Amplicons were columnpurified using the QIAquick Nucleotide Removal Kit according to the manufacturer's protocol (Qiagen). UV spectrophotometric quantification of DNA was done by using a Nanodrop 2000 spectrophotometer (Thermo Scientific). Restriction digestions were performed in a final volume of 10 l containing 1× CutSmart buffer (New England BioLabs, NEB) and 3 units of restriction endonuclease (NEB). The reactions were incubated at 37
• C for 60 min. Heat inactivation of enzymes was carried out at 70
• C for 15 min. For purification of nucleic acids from polyacrylamide gels, the gel slice nutated in three volumes of TE buffer at 37
• C overnight. After ethanol precipitation, gel-purified doublestranded or single-stranded nucleic acids were dissolved in TE buffer containing 15 mM sodium chloride (NaCl) or TE buffer, respectively. Double-stranded oligonucleotides were prepared by mixing 200 fmol of complementary single strands in a final volume of 4 l TE containing 60 mM NaCl. The mixture was heated to 94
• C for 10 s, cooled down fast to 78
• C, and then cooled down slowly to 39
• C. For gel electrophoretic analysis, 10 and 20 fmol of ds oligonucleotides, between 25 and 100 fmol of ss oligonucleotides, or 0.1 volume of the RT-PCR reaction were used. Unlabeled or fluorescently labeled single-stranded oligonucleotides purchased from Eurofins MWG Operon, or a Low Molecular Weight DNA Ladder (NEB) were used as size markers for gel electrophoresis. Size markers in base pairs (bp) or in nucleotides (nt) are given on the left of the gel. All experiments were repeated at least twice if not indicated otherwise.
Gel electrophoresis and Imaging
Denaturing polyacrylamide gels consisted of 15% acrylamide, 0.17% N,N -methylenebisacrylamide, 8 M urea in 1× Tris-borate-EDTA (TBE) buffer (89 mM each Trisbase and boric acid, 2 mM EDTA, pH 8.3). Samples were mixed with two volumes of urea loading buffer (8 M urea, 50 mM Tris-HCl pH 7.5, and 20 mM EDTA pH 8.0) and heated at 70
• C for 10 min before loading. Native polyacrylamide gels consisted of 12% acrylamide, 0.17% N,Nmethylenebisacrylamide in 1× TBE. One-sixth volume of Gel loading dye, Blue (6×) (NEB) was added to the samples. One-tenth volume of loading-dye, (10×) containing 25% Ficoll-400 and 0.4% xylene cyanol was added to the samples for gel electrophoresis on a 4% agarose gel in 1× Tris-acetate-EDTA (TAE) buffer (40 mM Tris-acetate and 1 mM EDTA, pH 8.3). Gel electrophoreses were performed according to standard protocols. Polyacrylamide gels were stained with SYBR Gold following the manufacturer's instructions (Life Technologies), and agarose gels were stained with ethidium bromide solution (0.5 g/ml). Stained or fluorescently labeled nucleic acids are presented with a dark or clear background, respectively, and were visualized using a Mode Imager Typhoon FLA 9500 (GE Healthcare). Fluorescently labeled nucleic acids were quantified using ImageQuant software v5.2 (Molecular Dynamics). The percentage of a particular fluorescently labeled nucleic acid was calculated from the sum of all fluorescently labeled nucleic acids per lane. 
Hybridization analysis
Nucleic acids were blotted to a positively charged nylon membrane (GE Healthcare Life Sciences) overnight by capillary transfer. Unless otherwise indicated, membranes were hybridized with the digoxigenin-labeled probe in hybridization buffer [5× saline sodium citrate (SSC) buffer (20× SSC buffer is 3 M NaCl and 0.3 M sodium citrate, pH 7.0), 5× Denhardt's solution and 0.5% sodium dodecyl sulfate (SDS)] overnight. Membranes were sequentially washed in 5× SSC buffer containing 0.1% SDS, 2× SSC buffer containing 0.1% SDS and 0.1× SSC buffer containing 0.1% SDS at the hybridization temperature for 15 min. Blot development using alkaline phosphatase-conjugated antidigoxigenin antibody and the chemiluminescent substrate CDP-Star, as well as stripping the membrane was done as per manufacturer's instructions (Roche Life Science). Efficiency of stripping was monitored by re-development of the blot. After detecting no chemiluminescent signal, stripped blots were reprobed. For hybridization analysis of DNA targets, reprobed blots were used, and for analysis of RNA targets, blots were used only once. Chemiluminescent signals were detected with a Luminescent Image Analyzer LAS-3000 mini (Fujifilm Life Science).
Ligase-mediated construction of branched RNA
For bRNA construction, 250 pmol each of precursor 1, precursor 2 and RNA bridge were mixed in a final volume of 10 l TE buffer containing 100 mM NaCl. The mixture was heated to 79
• C for 10 s and allowed to cool slowly to 42
• C. Fifty pmol of ds oligonucleotide from the hybridization reaction was used for ligation of the 5 -phosphate with the 3 -hydroxyl. The ligation reaction was performed in 20 l containing 1× T4 Rnl2 reaction buffer (NEB), 12.5% (w/v) polyethylene glycol (PEG) 8000 or PEG 4000 and 5 units of T4 RNA Ligase 2 (NEB). The reaction and negative control were incubated at 37
• C overnight and subsequently ethanol Figure S1) . The bRNA oligonucleotide was gel-purified twice.
Preparation of the 3 -fluorescein-labeled precursor 1
To label the 3 -end of precursor 1 using Terminal Deoxynucleotidyl Transferase (TdT), DNA has to be attached to its 3 -end because 3 terminal ribonucleotides are poorly accepted by the enzyme. Addition of a poly-deoxyadenosine (poly-dA) tail to the 3 -end of precursor 1 was done in a final volume of 25 l containing 60 pmol of precursor 1, 1× Poly(A) Polymerase reaction buffer (Affymetrix), 0.5 mM deoxyadenosine triphosphate (dATP) (Life Technologies) and 600 units of Yeast Poly(A) Polymerase (Affymetrix). The reaction was incubated at 37
• C for 8 h and was columnpurified using the QIAquick Nucleotide Removal Kit according to the manufacturer's instructions (Qiagen). The eluted oligonucleotide was ethanol precipitated and desalted by drop dialysis. The 3 -end labeling of precursor 1 was done in a final volume of 30 l containing 1× TdT buffer (Life Technologies), 100 M fluorescein-12-uridine triphosphate (Fluorescein-12-UTP) (Roche Life Science) and 30 units of TdT (Life Technologies). The reaction was incubated at 37
• C for 60 min and the 3 -fluorescein-labeled precursor 1 was phenol/chloroform extracted, ethanol precipitated and gel-purified.
Primer extension reaction
For primer extension reactions, 250 fmol of template and 25 pmol of unlabeled reverse primer (either 2-5 or 3-5) or 500 fmol of 5 -cy5-labeled reverse primer 2-5 were mixed in a final volume of 6.2 l TE buffer containing 15 mM NaCl. For primer extensions from the 2 -and 3 -arms, reverse primers 2-5 and 3-5, respectively, were used. In reactions with the fluorescein-labeled precursor 1, 500 fmol of 3 -fluorescein-labeled precursor 1, 25 pmol of reverse primer 3-5 (and 250 fmol of branched RNA) were used. All mixtures were heated to 94
• C, and then cooled down slowly to 27
• C. Primer extension reactions were carried out in 25 l containing 1× M-MLV RT reaction buffer (Promega), 0.5 mM dNTPs (Life Technologies) and 200 units of either M-MLV RT (H−) or M-MLV RT (H+) (Promega). The reaction and negative control were incubated at 42
• C for 1 to 18 h, and RTs were heatinactivated. Samples were ethanol precipitated and separated by polyacrylamide gel electrophoresis.
The primer extension reaction from the 2 -arm of our bRNA using M-MLV RT (H+) was phenol/chloroform extracted before ethanol precipitation. One-third volume of this sample was analyzed by gel electrophoresis and 0.3 volume was used for primer extension analysis on cleavage products using 100 fmol of reverse primer O and reverse primer 3-5, respectively.
Purification of bRNA and terminal-restriction fragment length polymorphism (T-RFLP) analysis
Purification of bRNA. After primer extension from the 2 -arm of our bRNA using M-MLV RT (H−), a proteinase K treatment was carried out in a final volume of 60 l containing 100 mM Tris-HCl pH 7.5, 150 mM NaCl, 12.5 mM EDTA pH 8.0, 1% SDS and 12 g proteinase K (Roche Life Science). The reaction was incubated at 55
• C for 60 min. Nucleic acids were phenol/chloroform extracted, ethanol precipitated, and separated on a native polyacrylamide gel. The truncated primer extension product of bRNA was gelpurified and used for a second round of reverse transcription (RT). For RT reaction, one-fifth volume of the gelpurified product was mixed with 25 pmol of reverse primer 2-5 in a final volume of 17.5 l RNase/DNase free water (MP Biomedicals). The mixture was heated to 94
• C for 30 s, kept on ice, and the reverse transcription was started by adding 5 l 5× M-MLV RT reaction buffer (Promega), 1.25 l 10 mM dNTPs (Life Technologies), and 1 l M-MLV RT (H−) (200 units) (Promega). The ethanol precipitated sample was resuspended in 10 mM Tris-HCl, pH 8.5 containing 7.5 mM NaCl. One half of the reverse transcribed fragments were used for restriction digestion with DdeI. The restriction endonuclease was heat-inactivated, the fragments were ethanol precipitated and used for a third round of reverse transcription, which was performed exactly as the second RT reaction. After ethanol precipitation, the sample was resuspended in TE buffer.
Monitoring of bRNA purification by T-RFLP.
To monitor depletion of full-length cDNA from linear RNA and enrichment of full-length cDNA from bRNA, we used T-RFLP analysis, a common DNA fingerprinting technique. This method is based on restriction endonuclease digestion, electrophoretic separation, and quantification of fluorescently end-labeled PCR products. Length and quantity of the end-labeled restriction fragments reflect the polymorphism of the restriction site. We attempted to use equal amounts of input cDNA for amplification with a 5 -cy3-labeled forward primer. To achieve this, one-twenty fifth volume of the first RT reaction was diluted 1:8 in TE buffer and 1 l from the dilution was subjected to PCR (unpurified). One-tenth volume of the second RT reaction was used for PCR (gel-purified). One-half volume of the precipitated reverse transcribed fragments from the third reaction were subjected to PCR (gel-purified + DdeI treated). RT-PCR amplicons were column-purified and quantified. Sixty ng of DNA was used for restriction digestion with BamHI-HF (High Fidelity) or NaeI. No heat inactivation of the enzymes was performed. The restriction digestions and negative control were analyzed by gel electrophoresis, and the end-labeled restriction fragments were quantified.
Sequencing of RT-PCR amplicons and bioinformatic analysis
RT-PCR products obtained from full-length cDNAs through the 3 ,5 -branch were ethanol precipitated and gelpurified. One-tenth volume of the gel-purified amplicons was used in the cloning reaction. RT-PCR products obtained from full-length cDNAs through the 2 ,5 -branch were treated with DdeI before ethanol precipitation. In this case one-fifth volume of the precipitated amplicons was used for cloning. RT-PCR products obtained from fulllength cDNAs through the 2 -5 linkage of precursor 1 were column-purified and quantified. Three ng of DNA was used in the cloning reaction. All amplicons were cloned using CloneJET PCR Cloning Kit following the manufacturer's protocol (Thermo Scientific). Colony PCR was carried out using pJET1.2 forward and reverse primers (components of the kit) to analyze the colonies for presence of the insert. Inserts of positive clones were analyzed by Sanger sequencing using the microtitre plate (MTP) sequencing service provided by LGC Genomics. CLC Genomics Workbench v7.5 (Qiagen) was used for aligning the sequences to the corresponding reference sequence and evaluating the sequencing data.
Statistical analysis
Statistical analysis was done with GraphPad Prism v6.07 (Graphpad software). Data were analyzed using one-way ANOVA (analysis of variance) followed by Holm-Sidak's multiple comparison test. P > 0.05 was considered not significant.
RESULTS
Constructing the branched RNA oligonucleotide
Ligase-mediated construction of branched DNA oligonucleotides by the splinted-ligation technology (51) was reported previously by Mendel-Hartvig et al. (52) . As illustrated in Figure 1 , we used this method to construct our bRNA oligonucleotide. We chose RNA/DNA chimeric precursors for the bRNA construction because the DNA regions in bRNA (Figure 2A ) cannot be cleaved by M-MLV RT RNase H. The non-cleavable DNA sequences of the 5 -segment and 3 -arm served as hybridization sites for probes, and simplified subsequent analysis of RNA cleavage products. The RNA sequences in our bRNA construct ( Figure  2A ) served also as hybridization sites for probes and facilitated subsequent examination of RNase H-mediated RNA hydrolysis. To test the suitability of the site-specific probes for analyzing RNA cleavage products, we performed hybridization analyses using oligonucleotides as positive and negative hybridization controls ( Figure 2B ).
RNase H-deficient M-MLV RT generates two cDNAs and the wild-type M-MLV RT only one cDNA from the branched RNA
Previous work on intron RNA lariats had shown that branched nucleotides stall DNA synthesis by RTs during primer extension from the 3 -arm of the branchpoint (47) (48) (49) (50) . Because of this, RTs generate truncated cDNA until the 3 ,5 -branch from bRNA (47) (48) (49) (50) . However, Tuschl et al. (29) found that avian myeloblastosis virus (AMV) RT (H+) and Superscript II M-MLV RT (H−) also pass the branched nucleotide from this arm and generate two cDNAs from bRNA: (i) truncated cDNA until the 3 ,5 -branch and (ii) full-length cDNA through the 3 ,5 -branch. We wanted to examine whether wild-type M-MLV RT with (H+) and M-MLV RT without (H−) RNase H activity generate these two cDNAs from our bRNA. For this purpose, we performed primer extension analysis using the 3-5 reverse primer binding to the 3 -arm of our bRNA. When M-MLV RT extends this primer until the 3 ,5 -branch, the enzyme produces truncated cDNA of 51 nucleotides (nt) in length ( Figure 3A) . When M-MLV RT extends this primer through the 3 ,5 -branch to the end of the template, the enzyme generates full-length cDNA of 88 nt in length (Figure 3A) . Primer extension analysis revealed that both RTs synthesized truncated cDNA until the 3 ,5 -branch of our bRNA construct ( Figure 3B ). To our surprise, hybridization analysis of primer extension products clearly showed that only M-MLV RT (H−) could generate full-length cDNA through the 3 ,5 -branch ( Figure 3B, lane 3, right panel) . Instead, multiple bands were visible on the gel when the primer extension on bRNA was catalyzed by M-MLV RT (H+) ( Figure 3B, lane 4, left panel) . Subsequent hybridization analyses revealed that these bands represented RNA cleavage products generated by RT RNase H during DNA synthesis from the 3 -arm (see below).
To increase the detection limit of full-length cDNA through the 3 ,5 -branch, we subjected the cDNAs generated by both RTs to PCR. RT-PCR analysis revealed that the full-length PCR amplicon (88 bp) was only generated when reverse transcription was catalyzed by the RNase Hdeficient RT ( Figure 3C, lane 3 ). An amplicon somewhat smaller than the full-length PCR product was visible in the gel when reverse transcription was catalyzed by the wildtype RT ( Figure 3C , lane 4). To determine whether the smaller amplicon corresponds as well to full-length cDNA or is an unspecific PCR product, we subjected the amplicons to hybridization using a probe specific for full-length cDNA through the 3 ,5 -branch. Hybridization analysis clearly illustrated that the wild-type of M-MLV RT is not able to pass the branchpoint of our bRNA ( Figure 3D , lane 2, right panel). In addition, RT-PCR analysis revealed that a 111 bp product was amplified by PCR from cDNA generated by both RTs (Figure 3C and D) . Sequence analysis showed that this amplicon consisted of precursor 1 (5 -segment and 2 -arm) ligated at its 2 -arm to precursor 2 (3 -arm) (data not shown). When DNA synthesis is primed from the 3 -arm, both RTs are able to generate full-length cDNA from this unbranched (linear) ligation side-product. The unwanted ligation side-product was produced during the ligase-mediated construction of our bRNA. Apparently, this side-product migrated at the same position in the gel as the bRNA oligonucleotide and was co-purified with it.
Purifying the branched RNA oligonucleotide for sequence analysis of full-length cDNA through the 2 ,5 -branch Previous work on intron RNA lariats had shown that RNase H-deficient RTs incorporate deoxyguanosine monophosphate (dGMP) opposite to the branch guanosine when the enzymes read through the 2 ,5 -branch (27, 28, 59) . Because of this misincorporation, sequenced RT-PCR amplicons contain a cytidine at the position of the branch guanosine (G→C transversion) in the sensestrand (27, 28, 59) . We wanted to confirm the insertion of a dGMP opposite to the branchpoint when M-MLV RT (H−) synthesizes DNA starting from the 2 -arm of our bRNA. For this purpose, full-length cDNAs through the 2 ,5 -branch should be amplified with the forward and 2-5 reverse primers followed by sequencing of the resulting amplicons. During our study, we noted that our bRNA construct was contaminated with a ligation side-product ( Figure 3C and D) which consisted of precursor 2 ligated to precursor 1 at its 2 -arm. Similarly, precursor 1 might also be present. The presence of precursor 1 and the ligation side-product during DNA synthesis will complicate sequence analysis. Because a branched nucleotide is an obstacle to DNA synthesis by RT (44, (46) (47) (48) (49) (50) , M-MLV RT (H−) will frequently terminate at the branchpoint resulting in an incomplete cDNA/RNA hybrid (truncated bRNA hybrid). Linear RNA which lacks this obstacle will be favored over bRNA as template in the synthesis of full length cDNA. Consequently, the majority of full-length cDNAs will be produced from the linear RNA and only a small fraction will be the desired product derived from the bRNA.
We established two methods to purify our bRNA construct from linear RNA. The principle of the two purification methods is to deplete full-length hybrids and to recycle truncated bRNA hybrids for further rounds of primer extension. First, our (contaminated) bRNA was reverse transcribed with M-MLV RT (H−) using the 2-5 reverse primer binding to the 2 -arm. The resulting full-length hy- brids between full-length cDNA and template, and truncated bRNA hybrids were separated by gel electrophoresis on a native polyacrylamide gel ( Figure 4A, lane 4) . The single product band visible in the gel was determined as the truncated bRNA hybrid using constructed hybrids as size markers ( Figure 4A ). In order to detect full-length hybrids, we performed hybridization analysis using a probe specific for full-length cDNA. Because hybridization analysis revealed that truncated bRNA hybrids were clearly separated from full-length extension products ( Figure 4A , lane 4, right panel), we have gel-purified them. We then removed the bound truncated cDNA from bRNA by heat-denaturation and used the free bRNA as template for another round of primer extension from the 2 -arm. Amplicons of the subsequent PCR were analyzed by restriction digestion.
We exploited the ability of M-MLV RT (H−) to incorporate the correct deoxycytosine monophosphate (dCMP) opposite to the 2 -5 linked ribo-G-nucleoside in linear RNA (Supplementary Table S2 ) and the incorrect dGMP opposite to the branch guanosine in bRNA (27, 28, 59) . The resulting cDNA polymorphism can be analyzed by restriction digestion of RT-PCR products. For this purpose, we designed the sequence of precursor 1 so that the correct incorporation of dCMP generates a BamHI and the misincorporation of dGMP generates a NaeI restriction site in RT-PCR amplicons ( Figure 5 ). To facilitate analysis of BamHI and NaeI restriction digestions of RT-PCR products, we amplified the full-length cDNA with a 5 -cy3-labeled forward primer and quantified the BamHI and NaeI restricted end-labeled PCR products by terminal-restriction fragment length polymorphism (T-RFLP) analysis.
The restriction digestion with BamHI showed that the gel-purified truncated bRNA hybrids were still contaminated with linear RNA (Supplementary Figure S2 , lane 2), suggesting that linear RNA templates co-migrated with truncated bRNA hybrids in the gel and were co-purified. Next, to make the generated full-length hybrids of the primer extension reaction on gel-purified truncated bRNA hybrids inaccessible to RT-PCR, we truncated them by restriction digestion. We designed the sequence of precursor 1 to contain a DdeI restriction sequence in the 5 -segment. When M-MLV RT (H−) synthesizes full-length cDNA from either linear or bRNA, a DdeI restriction site is generated within the 5 -segment of the DNA duplex (Figure 4B, Supplementary Figure S3 ). DdeI restriction digestion of full-length hybrids achieves two goals: (i) DdeI removes the forward primer binding site of full-length cDNAs and makes them inaccessible to amplification by PCR, and (ii) DdeI truncates the 5 -segment of templates. In consequence, in the next round of primer extension from the 2 -arm full-length cDNAs cannot be generated from these RNA templates ( Figure 4B ). In truncated bRNA hybrids, cDNA terminates at the 2 ,5 -branch and because of this, the 5 -segments of these bRNAs remain single-stranded and escape restriction by DdeI. Branched RNAs of truncated bRNA hybrids can then be used for another round of primer extension from the 2 -arm to generate full-length cDNA through the 2 ,5-branch ( Figure 4B ). After DdeI restriction digestion, heat-denaturation, and primer extension, we amplified full-length cDNA and digested the RT-PCR products with BamHI and NaeI to monitor the efficiency of our restriction digestion method. Figure S2) revealed that depletion of full-length hybrids and recycling of truncated bRNA hybrids for further rounds of primer extension drastically reduced contamination of bRNA by linear RNA ( Figure 6 ). As expected, without purification of the bRNA construct, the vast majority of RT-PCR products were obtained from linear and not from bRNA templates since 89 ± 3% (mean ± standard deviation) of the amplicons were restricted by BamHI compared to only 0.8 ± 0.3% by NaeI. After application of the two purification methods, only 9 ± 2% of the amplicons were restricted by BamHI, while the percentage of amplicons restricted by NaeI increased to 46 ± 6% (Figure 6 ). This indicates that after purification, bRNA was predominantly the template for RT-PCR, and therefore RT-PCR amplicons from gelpurified and DdeI treated bRNA were used for subsequent sequence analysis.
Evaluation of the T-RFLP patterns of BamHI and NaeI digested RT-PCR products (Supplementary
Analysis of mutations in full-length cDNAs traversing the branchpoint from the 2 -and 3 -arms of the branched RNA
To explore whether M-MLV RT (H−) misreads differently the branch guanosine in our bRNA construct during DNA synthesis from the 2 -versus the 3 -arm, we performed sequence analysis of full-length RT-PCR products. Fulllength cDNAs generated by priming on the 2 -arm of gelpurified and DdeI treated bRNA (2 -arm-specific cDNA) and on the 3 -arm of bRNA (3 -arm-specific cDNA) were amplified, cloned, and sequenced. The sequencing reads surrounding the branch guanosine obtained from 2 -and 3 -arm-specific cDNAs are shown in Supplementary Tables S3  and S4 , respectively. The most common mutations around the branchpoint found in arm-specific cDNAs are presented in Table 2 . Sequencing of these cDNAs revealed that the arms induce characteristic mutation profiles of bRNA (Table 2).
DNA synthesis by the wild-type M-MLV RT terminates to a higher extent at the 2 -5 linkage in an RNA template than DNA synthesis by the RNase H-deficient M-MLV RT
Lorsch et al. (60) showed by primer extension analysis that AMV RT (H+) and Superscript M-MLV RT (H−) can read through a 2 -5 linkage in a linear RNA template. However, AMV RT (H+) terminated DNA synthesis at the 2 ,5 -phosphodiester bond to a higher extent than Superscript RT (H−). Lorsch et al. (60) suggested that this result is due to the fact that the two RTs from different viruses have different fidelities and specificities. An alternative explanation for this observation would be that termination of DNA synthesis at the 2 -5 linkage is related to RT's RNase H activity. To test this hypothesis, we performed primer extension analysis on precursor 1 containing the 2 -5 linkage at nt position 37 (Table 1) NAs showed that DNA synthesis by M-MLV RT (H+) terminated thrice as strong at the 2 ,5 phosphodiester bond as DNA synthesis by M-MLV RT (H−) (Figure 7 ). Consistent with this finding, the yield of full-length cDNA generated by the wild-type RT was reduced to 40% in comparison to the RNase H-deficient RT. When DNA synthesis was primed on the control template with only 3 -5 linkages, polymerization was not affected and both RTs generated nearly equal amounts of full-length cDNAs ( Figure 7 ). These data indicate (i) that RT's RNase H activity promotes termination of DNA synthesis at the 2 -5 linkage and (ii) that the absence of RNase H activity enables RT to read efficiently through 2 -5 linkages.
M-MLV RT RNase H generates more cleavage products when RT pauses at a branchpoint than at a 2 -5 linkage
Previous studies have shown that structure-induced pausing of RT during DNA polymerization leads to pause-related cleavages in the RNA template (18) (19) (20) (21) . We wanted to investigate whether pausing of RT at a weakly structured pause site (2 -5 linkage) induces a different RNA cleavage pattern than pausing of RT at a highly structured pause site (branchpoint). To assess the relationship of the structural property of a pause site and RNA degradation by RT's RNase H, it is important to use the same template sequence because RNase H cleaves RNA in a sequence-specific manner (61, 62) . We, therefore, carried out primer extension and RNA degradation analysis on precursor 1 and our bRNA construct using the wild-type M-MLV RT. Both templates had the same sequence (5 -segment and 2 -arm), but the former contained the 2 -5 linked ribo-G-nucleoside while the latter had the branch guanosine at nt position 37 (Figures 1 and 2A) . DNA synthesis was primed from the 2 -arm of both templates and M-MLV RT (H+) stalled at both pause sites, as indicated by the accumulation of cDNA at the 2 -5 linkage in precursor 1 ( Figure 7A , lane 3) and at the 2 ,5 -branch in bRNA (Supplementary Figure S4) . To analyze RNA hydrolysis by RNase H without pausing of RT, we used the same template sequence containing exclusively 3 -5 linkages (control template). M-MLV RT RNase H generated two cleavage products of ∼58 and ∼42 nt in length from the control template and precursor 1 ( Figure  8A , lanes 4 and 5). These products were probably generated by internal cleavages. In the internal cleavage mode, RT RNase H behaves as a typical endonuclease and cleaves RNA along the length of an RNA/DNA hybrid (5,10). When the 3 -5 linked ribo-G-nucleoside at position 37 was replaced by a 2 -5 linked ribo-G-nucleoside, a pause-related cleavage product of ∼45 nt in length was generated by RT RNase H ( Figure 8A , lane 5). The pause-related cleavage pattern induced by the 2 -5 linkage in precursor 1 resembled the cleavage pattern caused by the base of a stable hairpin in an RNA template (20, 21) . Similar to the RNA hairpin base (20, 21) , the pausing M-MLV RT probably dissociated from the DNA 3 terminus at the 2 -5 linkage, slid forward, and RNase H carried out a pause-related cleavage 8 nt away from the 2 -5 linkage. To analyse RNA cleavage products from the control template and precursor 1, we hybridized them with probe 1 complementary to the 5 DNA sequence of both templates. Hybridization analysis revealed that RNase H cleavages occurred at template positions 42, 45 and 58 ( Figure 8B , lanes 4 and 5), as already indicated by the lengths of the cleavage products. When the 2 -5 linked ribo-G-nucleoside was substituted by a branch guanosine, M-MLV RT RNase H generated at least six pause-related cleavage products ( Figure 8A , lane 6). Only a small amount of bRNA (upper band) was not cleaved at all ( Figure 8A, lane 6) . To relate these cleavage products to cleavages in the RNA template, we performed hybridization analysis using probe 2 complementary to the 2 -arm. This analysis showed that most of the cleavage products did not hybridize with this probe ( Figure 8B, lane 6) , suggesting that the RNA template was shortened by RNase H and could no longer serve as a target for probe 2. An alternative possibility would be that cleavages in the 5 -segment or in the non-template arm (3 -arm) also contribute to this cleavage pattern.
Only the template arm is cleaved when DNA synthesis is primed from the 2 -arm of the branched RNA To examine whether M-MLV RT RNase H cleaved, in addition to the template, the 5 -segment or the non-template arm (3 -arm) of our bRNA during DNA synthesis from the 2 -arm, we performed primer extension analyses on the generated cleavage products using RNase H-deficient RT. For this purpose, we chose two primers, reverse primer O and reverse primer 3-5. To detect cleavages in the 5 -segment, we used primer O binding to the overlapping branch site of bRNA. When M-MLV RT (H−) extends this primer to the end of the 5 -segment, the enzyme generates cDNA of 63 nt in length ( Figure 8C ). To detect cleavages in the 3 -arm, we used primer 3-5 binding to the 3 -arm of bRNA. When the RNase H-deficient RT extends this primer until the 3 ,5-branch, the enzyme generates cDNA of 51 nt in length (Figure 8C) . We used equal amounts of cleavage products and bRNA as control for the primer extension reactions. Primer extension analyses revealed that M-MLV RT (H−) generated equal amounts of the two cDNAs from the cleavage products and the control (Figure 8D ), indicating that the cleavage products contained the branchpoint, the complete 5 -segment and 3 -arm. This result shows that all cleavages occur in the template and that the non-template strand is not cleaved by M-MLV RT RNase H when DNA synthesis is primed from the 2 -arm of our bRNA.
Both arms of the branched RNA are cleaved when DNA synthesis is primed from the 3 -arm
We next investigated the RNA cleavage pattern induced by the branchpoint during DNA synthesis from the 3 -arm of our bRNA construct. We have shown in Figure 3B , lane 4 that the wild-type M-MLV RT paused at the branchpoint during DNA synthesis, as indicated by the accumulation of cDNA at the 3 ,5 -branch. M-MLV RT RNase H generated several predominant and minor pause-related cleavage products ( Figure 9A ). To analyze the RNA cleavage products, we performed hybridization analyses using sitespecific probes ( Figure 2B ). To detect cleavages in the RNA template (3 -arm), we hybridized the cleavage products with probe 3 (3 -arm) and probe O (overlapping branch site). To detect cleavages in the 5 -segment and non-template arm (2 -arm) of our bRNA, we hybridized the cleavage products with probe 1 and probe 2, respectively. Hybridization analyses showed that the cleavage products labeled with I and II resulted from cleavages in the RNA template because probe 3 did not hybridize ( Figure 9A ). To our surprise, the predominant products migrating between 60 and 51 nt (cleavage products from cluster III) resulted from cleavages in the RNA template and in the non-template 2 -arm because neither probe 2 nor probe 3 showed hybridization signals (Figure 9A) . Additionally, the cleavage products of cluster III, except the top one, did not hybridize with probe O ( Figure  9A ), indicating that the RNA template was further shortened by RT RNase H and could not longer serve as a target for this probe. In our hybridization analysis, all cleavage products hybridized with probe 1 (Figure 9A) , showing that no cleavages occurred in the 5 -segment of our bRNA construct. As already illustrated in Figure 3B , the predominant band with 51 nt in length (product labeled with IV) could be identified as truncated cDNA until the 3 ,5 -branch.
To exclude the possibility that the observed cleavage of the 2 -arm was caused by accidental RNA/DNA hybid formation, we performed primer extension analyses on a 3 -fluorescein-labeled precursor 1 using the wild-type M-MLV RT. The fluorescein-labeled precursor 1 (fl-precursor) allowed us to monitor cleavages in its 2 -arm by scanning the gel. We first tested whether mispriming of reverse primer 3-5 to the 2 -arm led to cleavage of the non-template strand. For this purpose, we carried out a primer extension reaction with primer 3-5 and the fl-precursor. Primer extension analysis revealed that the 2 -arm of the fl-precursor was not cleaved by RT RNase H ( Figure 9B , lane 2), indicating that cleavage of the non-template arm of bRNA was not caused by mispriming of primer 3-5. We next tested whether mispriming of the generated cDNA from the 3 -arm or our bRNA construct to the 2 -arm led to degradation of the non-template strand. For this purpose, we performed a primer extension reaction with primer 3-5, the fl-precursor and bRNA. Primer extension analysis showed that the 2 -arm of the fl-precursor was not cleaved by RT RNase H as well ( Figure 9B, lane 4) . This result indicated that cleavage of the non-template arm of bRNA was not caused by mispriming of either cDNA or bRNA. We suggest, therefore, that the template and the non-template strands are cleaved by M-MLV RT RNase H when DNA synthesis is primed from the 3 -arm of our bRNA.
DISCUSSION
In this study, we succeeded in the construction of longchained branched RNA molecules. Our bRNA construct allowed us to investigate for the first time the arm-directed processing of the branched nucleotide within a single bRNA molecule. We found that misprocessing of the branch guanosine by M-MLV RT (H−) proceeds arm-specifically. When RNase H-deficient RT encounters the branchpoint from the 2 -arm, the enzyme incorporates predominantly dGMP opposite to the branch guanosine. The 2 -arminduced mutation leads to a single mismatch error at the branchpoint position in the DNA sense-strand which is commonly used to pinpoint branched nucleotides in intron lariats by RT-PCR (26) (27) (28) and more recently by highthroughput methods (59, 63) . To detect branchpoints in intron lariats, RT reactions are widely carried out with RNase H-deficient RTs. Inactivation of RNase H lowers the mismatch error rate of RT's polymerase at other template positions (64) , allowing an unbiased detection of branchpoints. We found that when M-MLV RT (H−) encounters the branchpoint from the 3 -arm, the enzyme misincorporates dGMP and skips predominantly one to several template nucleotides located upstream of the branch guanosine. The 3 -arm-induced mutation leads to a deletion mutation in the DNA sense-strand. This mutational profile was also reported by Tuschl et al. (29) . The reason for this arm-specific processing of bRNA may be related to the structural difference at the branchpoint (here designated the branched nucleotide, and the 2 -and 3 -nucleotides). Conformational analysis showed that the branched nucleoside base stacks with the 2 -linked nucleobase, while the 3 -linked base is unstacked and located in a coplanar manner with respect to the branched nucleoside base (65, 66) . This base unstacking in the template strand may explain why deletion mutations are drastically more abundant in full-length cDNAs when synthesized from the 3 -than from the 2 -arm. The reason for this is that strand slippage can occur in response to an unstacked template base, which results in deletion mutations during DNA synthesis (67) .
We also found that, in contrast to the RNase H-deficient M-MLV RT, wild-type M-MLV RT cannot read through the branchpoint of our bRNA construct and the ability of wild-type RT to read efficiently through the 2 -5 linkage of the linear precursor 1 is decreased. We showed that both Figure 3B , lane 4). RNA cleavage patterns were blotted and corresponding blots (right) were hybridized with specific probes (probes 1-3, probe O) as indicated. Probe specificities and probe-target regions as in Figure 2B . Products were grouped into four clusters (I-IV) according to their hybridization with probes as indicated on the right of the gel. Cleavage products of cluster I hybridized with probes 1, 2 and O, cleavage product of cluster II with probes 1 and 2, cleavage products of cluster III with probe 1, and product of cluster IV was identified as truncated cDNA until the 3 ,5 -branch (see Figure  3B , lane 4). (B) Primer extension analyses on the 3 -fluorescein-labeled precursor 1 using M-MLV RT (H+). Lanes 1 and 3: negative controls for primer extension reaction, respectively. Lane 2: primer extension reaction using reverse primer 3-5. Lane 4: primer extension reaction using reverse primer 3-5 and bRNA. The 3 -fluorescein-labeled precursor 1 is schematically presented on the right, where the star indicates the position of the fluorophore. Samples were separated on a 15% denaturing polyacrylamide gel. The bands migrating at the bottom of the gel represented the loading dye. Colors as in Figure 1 . the branchpoint and the 2 ,5 -phosphodiester bond represent pause sites for either RT. Contrary to the RNase Hdeficient RT, wild-type RT can generate pause-related cleavages in the RNA template. These cleavages cause the template to dissociate from the DNA primer 3 terminus and DNA synthesis by wild-type RT is terminated (21) . On the other hand, the RNA template stays intact and the stalled DNA synthesis is resumed by RNase H-deficient RT with time to yield full-length cDNA. The observation that some wild-type RTs can read through branchpoints (29, 46) may be related to different stalling times at branchpoints and to different RNase H activities of these enzymes.
Our bRNA oligonucleotide provided for the first time insights into the branchpoint-mediated RNA hydrolysis by RT RNase H. Using the same template sequence, we found that M-MLV RT RNase H cleaves the RNA template more frequently when pausing of the enzyme is caused by the branch guanosine than by the 2 -5 linked ribo-Gnucleoside. Furthermore, we observed that RNase H also cleaved the RNA template several times when DNA synthesis was started from the 3 -arm of our bRNA, which differs in sequence from the 2 -arm. Based on these observations, we concluded that multiple pause-related cleavages in the template are probably always induced when branchpoints stall RT-catalyzed DNA synthesis (44, (46) (47) (48) (49) (50) . Because pause-related cleavage caused by a stable hairpin is dependent on forward sliding of non-polymerizing RT on the RNA/DNA hybrid (20, 21) , it is conceivable that forward sliding is involved in pause-related cleavages caused by a branchpoint as well. To induce multiple cleavages in the RNA template, M-MLV RT (H+), presumably slides in a stop-and-go manner on the hybrid of the 2 -and 3 -arm while passing the branch guanosine in our bRNA. Whenever the RT pauses, RNase H generates a pause-related cleavage in the RNA/DNA hybrid.
DNA synthesis of bRNA can be initiated from two different templates (arms). Here, we investigated whether the non-template arm of our bRNA construct is cleaved by M-MLV RT (H+) when DNA polymerization takes place on the other arm. We found that RT RNase H cleaves the non-template arm of the bRNA when DNA synthesis occurs on the 3 -arm but not on the 2 -arm. Cleavage of the non-template 2 -arm is an unexpected observation as RT's RNase H usually cleaves the template strand in the known pause-related cleavage mode. However, the observed non-template cleavage can be explained by a reorientation of M-MLV RT during pausing at the branchpoint and repositioning of the RNase H domain to the single-stranded 2 -arm. In particular, RT can bind to ds nucleic acids in a polymerization-competent and in a flipped, polymerization-incompetent orientation (9) . In the flipped RT binding mode, RT is flipped ∼180 degrees so that the polymerase active site is located over the template strand, separated from the primer 3 terminus, and the RNase H active site is located over the primer strand (non-template strand) (9) . RT can flip between the two binding modes by a hopping mechanism (68) . In this mechanism, RT dissociates from one bound state into a pseudo-bound state (RT and nucleic acid remain sufficiently close), RT rotates ∼180 degrees, and associates to the other bound state (68) . Flipping of RT can be spontaneous (9, 69) or introduced by a pause site (11, 12, 70) . Liu et al. (70) observed that a stemloop structure within the RNA template reorients the replicating RT into the flipped binding orientation during initiation of minus-strand DNA synthesis. They speculated that RT's reorientation prevents further DNA polymerization (70) . Apparently, during initiation of plus-strand DNA synthesis from the polypurine tract (PPT), a pause site on the DNA template also triggers the reversal in binding orientations of the polymerizing enzyme (11, 12) . This reorientation allows RT RNase H to cleave the non-template RNA (11, 12) . Because branched nucleotides represent pause sites for RTs ( Figure 3B, Supplementary Figure S4) (44, (46) (47) (48) (49) (50) , we suggest that the branched nucleotide in our bRNA imposes a reorientation of RT as well. Although RT's RNase H activity is specific to RNA/DNA hybrids, in some cases, RNase H is capable of cleaving single-stranded RNA adjacent to an RNA/DNA duplex. Cleavage of ssRNA by human immunodeficiency virus 1 (HIV-1) and M-MLV RT RNases H (71), and Escherichia coli RNase HI (72) can occur when a DNA oligonucleotide is annealed to a longer RNA template. Escherichia coli RNase HI may interact with the RNA/DNA hybrid and position the active site onto the 3 -protruding ssRNA for cleavage close to the hybrid (72) . We assume that M-MLV RT (H+) uses the same mechanism to cleave the ss 2 -arm. Based on these considerations we propose the following scenario at the branchpoint: DNA synthesis is primed from the 3 -arm of our bRNA construct and the replicating M-MLV RT pauses at the branchpoint. Pausing of RT occurs initially in the polymerization-competent orientation. The branch guanosine triggers the flip in binding orientations. RT rotates ∼180
• and rebinds the RNA/DNA hybrid of the 3 -arm in the flipped state. In the bound state of RT, the RNase H active site is positioned in vicinity to the ss 2 -arm for cleavage. Cleavage of the ss non-template 2 -arm in our bRNA resembles cleavage of the non-template RNA in the ds polypurine tract of retroviruses and related retrotransposons. The alignment of either non-template strand to the RNase H active site is the same as when RT binds to the PPT and bRNA hybrid in the flipped state ( Figure 10 ). When DNA synthesis was primed from the 2 -arm of our bRNA, we found that M-MLV RT RNase H does not cleave the non-template strand despite the anticipated flipped bound state of RT during pausing at the branchpoint. The reason for this may be that the RNase H active site cannot access the non-template 3 -arm for cleavage.
Long terminal repeats (LTR) retrotransposons and retroviruses have similar genetic structures and replication mechanisms (73) . Here, we describe a possible flipping mechanism of the retroviral M-MLV RT at a branched nucleotide. We propose that protein flipping at branchpoints is common among RTs of LTR retrotransposons and retroviruses although the RTs differ in their structure. The dynamic properties of the heterodimeric retroviral HIV-1 RT, i.e. sliding and flipping on nucleic acids (9, (68) (69) (70) , regulate various phases of reverse transcription of HIV-1 genomic RNA, including plus-strand DNA synthesis from PPT, RNA degradation, and strand-displacement synthesis (69) . The monomeric retroviral M-MLV RT (74, 75) and homodimeric LTR retrotransposon Ty3 RT (76) have to be dynamic as well to catalyze these processes. It is likely, therefore, that in spite of differences in sequence and structure (77) , retroviral and LTR retrotransposon RTs, such as M-MLV, HIV-1, and Ty3 RTs, share the same dynamic flexibility at branchpoints and position their RNase H active site close to the non-template ssRNA arm. However, it is also possible that the RTs of retroviruses and related retrotransposons may differ with respect to cleavage of non-template strands at branchpoints, and that branchpoints may trigger the reversal in binding orientation of these RTs for a different period of time.
Retroviruses and LTR retrotransposons are thought to have evolved from group II self-splicing introns (78, 79) . Based on the work of Cheng and Menees (40) it has been speculated that 2 ,5 -branched genomic RNA is common among them (41, 42) . However, although the 2 ,5 -branched form of genomic RNA is controversial (43, 45) , it is well established that the host-encoded RNA lariat debranching enzyme, Dbr1 plays a critical role in the life cycle of LTR retrotransposons and retroviruses (42, 45, (80) (81) (82) (83) (84) . Dbr1 is a 2 ,5 -phosphodiesterase that cleaves the 2 ,5 linkage at the branchpoint of branched nucleic acids (25, 85) . Cheng and Menees (40) suggested that yeast Dbr1 cleaves a 2 ,5 -branched lariat structure present in Ty1 genomic RNA. The 2 ,5 linkage joins the 5 repeat (R) region with the 3 nt of the 3 unique sequence (U3) upstream of the 3 R region in the same RNA molecule (40) . They proposed that synthesis of the minus-strand strong-stop DNA [(−)ssDNA] corresponding to the 5 R-U5 region continues until the branchpoint (40) . Complementarity between the R regions facilitates (−)ssDNA to hybridize to the 3 -end of genomic RNA (minus-strand transfer) (1, 2) . Subsequent removal of the branched nucleotide by yeast Dbr1 allows RT to complete minus-strand DNA synthesis after strand transfer (40) . The observations that yeast dbr1 mutant or deletion strains were defective in formation of full-length Ty1 and Ty3 minusstrand DNA (81, 83, 84) are compatible with debranching of genomic bRNAs by Dbr1 for the completion of minusstrand synthesis. Moreover, short hairpin RNA-mediated knockdown of human Dbr1 expression caused as well a reduction in the formation of full-length HIV-1 minus-strand DNA, but notably, inhibition of Dbr1 activity had no effect on the formation of (−)ssDNA (42, 45) . This result confirmed that debranching of genomic bRNA is required after
